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Although much progress has been made in the illustration of the mechanism of aminophylline (AM) treating
asthma, there is no data about its effect on the nanostructure and nanomechanics of T lymphocytes. Here, we
presented atomic force spectroscopy (AFM)-based investigations at the nanoscale level to address the above
fundamental biophysical questions. As increasing AM treatment time, T lymphocytes' volume nearly double
increased and then decreased. The changes of nanostructural features of the cell membrane, i.e., mean height of
particles, root-mean-square roughness (Rq), crack and fragment appearance, increased with AM treatment time.
T lymphocytes were completely destroyed with 96-h treatment, and they existed in the form of small fragments.
Analysis of force-distance curves showed that the adhesion force of cell surface decreased significantly with the
increase of AM treatment time, while the cell stiffness increased firstly and then decreased. These changes were
closely correlated to the characteristics and process of cell oncosis. In total, these quantitative and qualitative
changes of T lymphocytes' structure and nanomechanical properties suggested that AM could induce T lymphocyte
oncosis to exert anti-inflammatory effects for treating asthma. These findings provide new insights into the T
lymphocyte oncosis and the anti-inflammatory mechanism and immune regulation actions of AM.
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Aminophylline (AM) is a complex of the bronchodilator
theophylline [1]. AM has been used for treating asthma
over 70 years [2,3]. Today, AM is still the main therapeutic
agent in the treatment of asthma. Aminophylline has mul-
tiple potential beneficial actions in asthma, e.g., bronchial
muscle relaxation, improvement in diaphragm contractility,
diuretic function, and so on [4]. In addition, AM is a non-
selective adenosine receptor antagonist and a phospho-
diesterase (PDE) inhibitor that elevates intracellular levels
of cyclic AMP (cAMP) [1]. High intracellular levels of
cAMP can lead to the expansion of the smooth muscle [5].
So, the past view of AM in the treatment of bronchial
asthma is mainly working as smooth muscle relaxant. In
recent years, studies have shown that AM had widely anti-* Correspondence: tcrz9@jnu.edu.cn
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in any medium, provided the original work is pinflammatory and immune regulation actions [6-8], which
may be the most important mechanism for the treatment
of asthma.
T lymphocyte is one of the key players in the adaptive
immune system and is involved in many kinds of in-
flammation [9,10]. Asthma is a chronic inflammatory
disorder characterized by airway obstruction and hyper-
responsiveness. The cells involved in the inflammatory
response in asthma include lymphocytes, mast cells,
eosinophils, macrophages, neutrophils, and epithelial
cells [11]. So, the removal of the inflammatory cells is
the key to radically cure asthma. The excessive activa-
tion of T cells is an important characteristic of asthma,
because the activated T cells can release a variety of
cytokines to activate B lymphocytes, macrophages, and
so on [12]. So, the removal of T lymphocyte in the
airway inflammation plays a key role in curing asthma.
Most studies have suggested that apoptosis and oncosis
are two crucial mechanisms for regulating immune and
inflammatory responses [13]. The body massively weedsn Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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AM treatments which induced the death mode of T
lymphocyte have been studied biologically and/or bio-
chemically. However, the quantitative analysis of
morphological and nanostructural changes and the varia-
tions of cellular biomechanical properties in the context of
AM treatment remain unclear yet because of the lack of
sensitive quantitative techniques. In recent years, the
nanostructure and mechanical properties of cells are
becoming as indicators and regulators of physiological
processes such as activation, differentiation, apoptosis,
malignant phenotypes, and mitosis [10,15-17]. Therefore,
measurements of the morphology, the nanostructure, and
the biomechanical properties of T lymphocyte treated with
AM for different times at the nanoscale level are of major
importance to further interpret the death mode of
T lymphocyte in asthma and may lead to new insightful
views to the mechanism of AM treating asthma.
Atomic force microscopy (AFM) is a powerful nano-
technology tool that has been applied to observe
nanostructural details and biomechanical properties of
biological samples including biomolecules, cells, and
biomaterials [18-22] and has been demonstrated as a
useful nanotechnology for obtaining dynamic processes of
ligand/receptor and cell-cell interaction [18,22,23]. The
ultra-high force sensitivity of AFM and its ability to
measure nanomechanical properties of individual cell
make the technique particularly appropriate for measuring
the changes of viscoelasticity including the adhesion force,
elasticity, and stiffness of cells [24,25]. The studies on
biophysical properties (morphology, nanostructure, adhe-
sion force, stiffness, and others) of cells' near physiological
conditions will provide fundamental insights into cellular
structures and biology functions. In this study, AFM
and AFM-based force spectroscopy were applied to
characterize the morphology and the nanostructure and to
measure the adhesion force and stiffness of T lymphocyte
treatment with AM for different times in vitro. Obviously,
this study would provide a novel insight into the mechan-
ism of AM treatment of asthma at the single-cell level and
the nanoscale level.
Methods
Preparation of T lymphocyte
BALB/c mice (6 to 8 weeks old) were used for the experi-
ments. The abdomen was opened and the spleen was
removed under sterile conditions. Mononuclear cells were
prepared following mechanical spleen smash on a stainless
steel mesh using complete RPMI-1640 culture medium
(containing 10% fetal bovine serum, 2 mML-glutamine,
25 mg/ml penicillin G, and 25 mg/ml streptomycin). T
lymphocyte was isolated from mononuclear cells by nylon
fiber column. Cell suspensions were adjusted to a final
concentration of 1.4 × 106 cells/ml. Cells were cultured inRPMI-1640 culture medium in a humidified incubator
(37°C, 5% CO2).
Aminophylline treatment and culture of T lymphocyte
Aminophylline treatment T lymphocyte experiments were
performed in a 24-well tissue culture plate. Each well of
the plate contained about 1.4 × 106 cells in 200 ml RPMI-
FBS medium. Cells were incubated with 10 μg/ml ami-
nophylline and cultured at 37°C (5% CO2) in a humidified
incubator for 48, 72, and 96 h, respectively.
Sample preparation for AFM
To detect the morphological and mechanical changes of
T lymphocyte before and after AM treatment, cells were
separated into four groups: AM-free culture medium
group and 10 μg/ml AM treatment for 48, 72, and 96 h
groups. They were then washed in distilled water twice
before being fixed with 4% paraformaldehyde for
20 min. These samples were washed in distilled water
three times again and then air-dried for AFM scanning.
AFM measurements
All the morphology images and force-distance curves
were obtained by AFM (Autoprobe CP Research, Ther-
momicroscopes, Sunnyvale, CA, USA) in contact mode.
All force-distance curve experiments were performed at
the same loading rate. The curvature radius of the silicon
tip is less than 10 nm, the force constant is 0.6 N/m,
and the scan rate is 0.3 to 1 Hz. Over 1,000 force curves
were acquired for each sample, and all the force curves
were performed with the same tip. About morphology
images, more than 20 cells were investigated with AFM
for each sample.
Data processing and statistics
The acquired images (256 × 256 pixels) were only proc-
essed with the instrument-equipped software (Thermo-
microscopes Proscan Image Processing Software Version
2.1, IP 2.1) to eliminate low-frequency background noise
(flatten order: 0 to 2) in the scanning direction. The quan-
titative analysis of root-mean-square roughness (Rq), cell
volume, cell height, full width at half maximum (FWHM),
and mean height of particles was also acquired by the
above AFM software. The data were reported as mean ±
SD, and data analysis was conducted using Origin 8.5 soft-
ware. Differences with P < 0.05 were regarded statistically
significant. The stiffness of cell membrane can be qualita-
tively evaluated based on the slope of compliance portion
of the force-distance curve [26,27].
Results and discussion
Morphology and nanostructure of T lymphocytes
Each cell of an organism has its specific size and shape
which plays a specific function. When the cells' morphology
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function, e.g., resting and activated T cells [10] and imma-
ture and mature dendritic cells [28]. Integrity of the cell
membrane is a basic requirement for maintaining the bio-
logical characteristics and physiological function of cells
[29]. Disruptions in cell membrane structure can therefore
directly influence the normal functions of cells [30]. In
in vitro studies, changes in the general morphology of cells
under the effects of medicaments are commonly used as a
basis for judgment of drug effects and to identify the way of
cell death [31]. AFM has unparalleled resolution compared
with the traditional optical microscope, which can not only
detect cell morphology but also explore real-time changes
on the nanostructure of cells.
With this in mind, changes in the morphology and
nanostructure of T lymphocyte were first studied by AFM
both before (Figure 1) and after treatment with AM for
48 h (Figure 2), 72 h (Figure 3), and 96 h (Figure 4). Nor-
mal T lymphocytes presented regular spherical shape
(Figure 1a,b). Figure 1a shows a topography image which
displayed the height of T lymphocytes by the change of
color from dark to light. Figure 1b shows a three-
dimensional (3-D) image of Figure 1a, which intuitively
showed the cell shape. Importantly, in the 3-D image, the
structural details like pseudopodia and cellular microvilli
could be more easily distinguished (Figure 1b). Figure 1c
presents a height profile generated along the black line in
Figure 1a, and the measurement indicated the cell size
with a height of 850 nm and FWHM of 5.5 μm. FWHM
could be used to indicate the diameter of cells. Figure 1d,e
vividly revealed the nanostructure of the cell membrane,
indicating the relatively smooth and intact membrane sur-
face structure. Figure 1e shows an error signal mode
image, which showed the wavy structure of normal T lym-
phocytes. This special structure may be caused by theFigure 1 Representative AFM images of normal T lymphocytes. (a) To
of (a), and (c) height profile of (a). (d) Nanostructure of the cell membrane
histogram of the particles' diameter of (d).existence of microvilli, which further proved the intactness
of cell membrane nanostructure. The cell membrane
nanostructure components were uniformly distributed
and granular. The particles in the cell membrane surface
are mainly composed of carbohydrates and proteins. The
histogram showed that the particles' diameter mainly
ranged from 40 to 120 nm, but most of the particles are
100 nm in diameter (Figure 1f).
Changes in morphology and nanostructure of
T lymphocytes following AM treatment
As seen in Figures 2, 3, and 4, following treatment with
10 μg/ml AM, the T lymphocyte surface morphology
and nanostructure began to change obviously with in-
creasing treatment time. Figure 2a,b,c,d,e,f shows the
morphology and nanostructure of T lymphocytes ex-
posed to 10 μg/ml AM for 48 h. Compared with normal
T lymphocytes, treatment with 10 μg/ml AM for 48 h
resulted in membrane disruption, and the cells' shape
became irregular and the membrane surface was uneven
(Figure 2a,b). The pseudopodia and cellular microvilli all
disappeared, and some debris (500 nm to 2 μm in diam-
eter) was found on the cell surface and the substrate
(Figure 2b). As expected, the cells became significantly
larger in height (1.5 μm) and FWHM (7.0 μm) after be-
ing treated with AM for 48 h (Figure 2c). Simultan-
eously, the nanostructure of the cell membrane surface
was changed (Figure 2d,e) compared with normal T lym-
phocytes (Figure 1d,e). Several cracks and pores were
also found in the cell membrane surface (Figure 2d). In
addition, the particles in the cell membrane became lar-
ger and more heterogeneous (Figure 2e). As shown in
Figure 2f, the particles' diameter mainly ranged from
100 to 300 nm, and the largest particle was over 672 nm
in diameter.pological morphology image of a normal T lymphocyte, (b) 3-D image
surface zoomed from (a), (e) error signal mode image of (d), and (f)
Figure 2 Representative AFM images of T lymphocytes treated with AM for 48 h. (a) Topological morphology image of a T lymphocyte
treated with AM for 48 h, (b) 3-D image of (a), and (c) height profile of (a). (d) Nanostructure of the cell membrane surface zoomed from
(a), (e) error signal mode image of (d), and (f) histogram of the particles' diameter of (d).
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increased to 72 h, T lymphocytes were severely damaged
(Figure 3a,b). The cells' shape became more irregular, and
there were some larger and thicker fragments around the
cells compared with T lymphocytes that were exposed to
10 μg/ml AM for 48 h (Figure 2a,b). By contrast, the cells'
height and FWHM both decreased obviously (Figure 3c).
The surface nanostructure (Figure 3d,e) was completely
different from that of normal T lymphocytes (Figure 1d,e),
and a few big clusters appeared on the cell surface
(Figure 3e). The particles in the surface became more
unevenly distributed with the diameter ranging from
100 to 1,200 nm, and the largest particle cluster was
over 1.45 μm in diameter (Figure 3f ).
In order to test whether T lymphocytes were com-
pletely lysed with increasing treatment time, we furtherFigure 3 Representative AFM images of T lymphocytes treated with A
treated with AM for 72 h, (b) 3-D image of (a), and (c) height profile of (a)
(a), (e) error signal mode image of (d), and (f) histogram of the particles' ddetected the morphology and nanostructure of T lympho-
cytes treated with AM for 96 h (Figure 4). As expected,
AFM images showed that the cells were completely
destroyed, and they all existed in the form of fragments
(Figure 4a,b). The cell height decreased apparently
with the height only about 150 nm (Figure 4c). Fine
structure showed that the cell fragments became
smaller (Figure 4d,e,f ). These visual data demonstrated
that T lymphocytes were completely lysed when ex-
posed to 10 μg/ml AM treatment for 96 h.
Quantitative analysis of the biophysical parameters of
T lymphocytes
To quantify the morphological and nanostructural differ-
ences between normal T lymphocytes and AM-treated T
lymphocytes with different treatment times, a statisticalM for 72 h. (a) Topological morphology image of a T lymphocyte
. (d) Nanostructure of the cell membrane surface zoomed from
iameter of (d).
Figure 4 Representative AFM images of T lymphocytes treated with AM for 96 h. (a) Topological image of a T lymphocyte treated with AM
for 96 h, (b) 3-D image of (a), and (c) height profile of (a). (d) Nanostructure of the cell membrane surface zoomed from (a), (e) error signal
mode image of (d), and (f) histogram of the particles' diameter of (d).
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the changes of cell volume, cell height, FWHM, Rq, and
particle mean height of surface nanostructure. These re-
sults demonstrated that the cell volume nearly double
increased from 45 ± 5 μm3 (normal) to 84 ± 10 μm3
(10 μg/ml AM treatment for 48 h) (Figure 5a), which
was in accordance with the increases of cell height (from
0.8 ± 0.1 μm to 1.5 ± 0.2 μm) and FWHM (from 5.5 ±
0.5 μm to 7 ± 1 μm) (Figure 5b). Interestingly, with the
treatment time increasing to 72 h, the cell volume de-
creased to 33 ± 5 μm3 (10 μg/ml AM treatment for 72 h)
(Figure 5a), which was also in accordance with the de-
creases of cell height (from 1.5 ± 0.2 μm to 0.4 ± 0.1 μm)
and FWHM (from 7 ± 1 μm to 4 ± 0.5 μm) (Figure 5b).
Following treatment with 10 μg/ml AM for 96 h, the cell
volume was only about 1 μm3 and the height decreased to
150 nm (Figure 5a,b). When the measurements were con-
ducted on nanoscale images, the results indicated that
both Rq and the mean height of surface particles increased
after being treated with AM for 48 and 72 h, which were
positively correlated with reaction time (Figure 5c). ButFigure 5 Histograms of statistical results about four groups' cell para
height of particles of surface nanostructure and Rq.when the treatment time increased to 96 h, Rq and the
mean height of surface particles decreased rapidly to about
60 ± 9 nm and 90 ± 9 nm (Figure 5c), which indicated that
cell fragments became smaller.
These above AFM observation indicated that cell
morphology changed significantly after treatment with
AM for 48 h (Figure 2), for example, the cell height and
FWHM increased obviously, which resulted in cell vol-
ume nearly double increasing. This result indicated that
cells were swelling following treatment with AM for
48 h. In addition, the nanostructure images show that
the cell membrane was damaged with several cracks and
holes. More importantly than all of that, some debris was
found on the cell surface and the substrate. These observed
changes are in accord with the characteristics of oncosis de-
scribed in the literature [13,32]. Further increase in reaction
time (time = 72 h, AM concentration = 10 μg/ml) resulted
in significant decreases of cell volume, cell height, and
FWHM (Figure 3), and the cell nanostructure had been
substantially changed, with surface particle diameter and
Rq showing a particularly evident increase (Figure 5).meters. (a) Cell volume, (b) cell height and FWHM, and (c) mean
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cell were found compared with T lymphocyte treatment for
48 h. These results demonstrated that T lymphocytes have
lysed with increasing duration of exposure for 72 h, and the
cell membrane was destroyed, which cause the leakage of
cytoplasm and the decrease of cell volume. Furthermore,
with increasing treatment time to 96 h, T lymphocytes were
completely lysed and they existed in the form of smaller
fragments. These smaller cell fragments could be easily
cleared by phagocytes. These AFM images and the biophys-
ical parameters of T lymphocyte visually demonstrated that
AM may induce T lymphocyte oncosis.
Changes in nanomechanical properties of the T
lymphocyte with AM treatment
Previous studies have revealed that changes of cellular
morphology may also lead to changes of cellular mech-
anical properties in some cases [10,24]. The interaction
between medicaments and cells can induce changes in
nanomechanical properties of cells [33]. While the
mechanical properties of cancer cells and stem cells have
been largely investigated [34,35], only a limited number
of studies have focused on lymphocytes [10], and no
study about the changes of nanomechanical properties
of T lymphocytes treated with theophylline drugs was
found. AFM is not only a surface imaging technique but
also a sensitive force detector. Following the above
morphology observation, in order to further prove that
AM may induce T lymphocyte oncosis to exert anti-
inflammatory effects for treating asthma, we therefore
moved to study the mechanical properties of the T
lymphocyte without and with 10 μg/ml AM treatment for
48 and 72 h (Figure 6).
Here, we used AFM-based force spectroscopy to ex-
tract adhesion force and stiffness of control and AM
treatment groups, respectively. The operational principle
of AFM force spectroscopy is schematically shown inFigure 6 Qualitative and quantitative analysis of nanomechanical pro
(a) The principle diagram of force-distance curves and the approach (I-III) a
recorded from normal T lymphocytes (b) and AM-treated T lymphocytes fo
results of surface adhesion force, showing the adhesion force of T lymphocFigure 6a. During tip approach (I, II, III), firstly, the tip
was moved toward the cell surface (I) and (II) and then
started to press samples at a constant loading force,
which resulted in the deformation of both cantilever and
soft samples (III). We can qualitatively analyze the stiff-
ness of samples through the slope of approach curves
δy/δz (Figure 6b). During tip retraction (IV, V), in the
first place, the AFM tip began to retract and the deform-
ation of cantilever began to recover (IV), and then the
AFM tip broke away from the sample surface (V). When
the tip-sample contact was ruptured, the adhesion force
between the tip and samples was shown in the fore-
distance curves (Figure 6b). Three representative force-
distance curves recorded between the silicon nitride
probe and the surface of the three groups' cells are
shown in Figure 6b,c,d. The cell stiffness increased firstly
and then decreased according to the qualitative analysis
of the approaching branch of force-distance curves, but
the cells treated with AM for 48 h were stiffer than both
the normal cells and the cells treated with AM for 72 h.
Stiffness of cells is a parameter of increasing importance
in cellular physiology. On the one hand, cells mainly rely
on cytoskeleton and osmotic pressure to maintain the
basic morphology and function [36-39]. On the other
hand, a filamentous cytoskeleton and osmotic pressure
collectively govern the physical shape and mechanical
properties (viscoelastic properties and stiffness) of
eukaryotic cells [40-42]. Therefore, the increase of stiff-
ness (48 h group) may be caused by the cytoskeleton
reorganization and the generation of swelling pressure.
When the AM treatment time increased to 72 h, the
cells began to lyse, cellular pressure disappeared, and the
cytoskeleton may be completely damaged, which re-
sulted in the decrease of cell stiffness. Simultaneously,
the adhesion force of the cell surface decreased to about
two thirds of normal T lymphocytes after treatment with
AM for 48 h (Figure 6e). Furthermore, with increasingperties of normal and AM-treated T lymphocytes, respectively.
nd retraction (IV-V) cycle. Three typical force-distance curves were
r 48 h (c) and 72 h (d), respectively. (e) Histograms of statistical
ytes decreased gradually with increasing AM treatment time.
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more significantly (Figure 6e), which decreased to a quarter
of the normal T lymphocytes' adhesion force. The compos-
ition of the cell membrane is mainly of phospholipid bi-
layer, carbohydrates, and proteins, which provide the cell
surface with certain adhesion force. Cell adhesion is an es-
sential prerequisite for survival, communication, and navi-
gation of cells in organisms [43]. The decrease of cellular
adhesion force suggested that the cell membrane was dam-
aged, which was in accord with the results of AFM images
(Figures 2, 3, and 4). These qualitative and quantitative data
of cells' nanomechanical properties further illustrates that
AM could induce T lymphocyte oncosis.
Conclusions
Changes in the morphological and mechanical properties
of T lymphocytes induced by AM were first studied by
AFM at the nanoscale and piconewton level. By treat-
ment with 10 μg/ml AM for 48, 72, and 96 h, T lympho-
cytes' biophysical parameters including cell volume, cell
height, FWHM, mean height of particles, Rq, the adhe-
sion force, and the stiffness all changed regularly. With
increasing AM treatment time, T lymphocytes' volume
nearly double increased and then decreased, while mem-
brane roughness showed a particularly evident increase.
Analysis of force-distance curves showed that the cell stiff-
ness increased firstly and then decreased with the AM
treatment time increasing from 48 to 72 h, while the adhe-
sion force decreased from two thirds to a quarter of nor-
mal T lymphocytes' adhesion force, respectively. These
changes in cell morphology, surface nanostructures, and
nanomechanical properties were closely correlated to cell
swelling, oncosis, and lysis. We established a visual
method by analyzing the changes of biophysical parame-
ters of cells to reveal the characteristics and process of
oncosis. Combined with clinical research and our present
data, our nano-spatial findings provide new insights into
the mechanism of AM curing asthma: (i) T lymphocyte
oncosis should be induced, and cell fragments in the air-
way of the asthmatic should be generated. (ii) Phagocytes
clear up debris and further clear all the T lymphocyte that
was blocking the airway of the asthmatic.
Abbreviations
AFM: atomic force spectroscopy; AM: aminophylline; FWHM: full width at half
maximum; Rq: root-mean-square roughness.
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